In 1980, the World Health Organization (WHO) announced the successful eradication of human smallpox and elimination of its causative agent, the highly pathogenic variola virus (VARV) (24) . This achievement resulted in cessation of vaccination. As a consequence, immunity to orthopoxviruses within the human population has greatly declined. Today, the risk of intentionally released pathogenic orthopoxviruses and the more frequent appearance of zoonotic diseases in humans, caused by infections with cowpox or monkeypox viruses, pose new challenges to our public health systems, as well as renewed interest in the study of orthopoxvirus infections and the resulting diseases (10, 17, 19, 57) .
Host-specialized orthopoxviruses, such as VARV and ectromelia virus (ECTV), infect with high efficiency, spread systemically within their hosts, and are effectively transmitted to others. Such efficient replication and spreading relies on highly adapted viral interference with the host immune system, presumably at multiple levels. This hypothesis is well supported by the fact that orthopoxviruses encode many host regulatory proteins with the potential to serve as immune evasion factors (1, 20, 26, 35, 59, 62, 63, 66) . These so-called host response modifiers include soluble decoy receptors of inflammatory cytokines and chemokines (6, 13, 44, 64) as well as inhibitors of intracellular signaling pathways, such as those of Toll-like receptor (TLR) signaling (7) . Other factors interfere with the induction of apoptosis, e.g., the proteins p28, F1, and E3 (11, 27, 28, 72) .
The regulatory protein N1 encoded by the N1L gene of vaccinia virus (VACV) strain Western Reserve (VACV WR) was found to be a strong virulence factor upon in vivo infection of mice (3, 40) . In the intracranial infection model in BALB/c mice, virulence of the N1L deletion mutant virus was greatly reduced, and the virus was also reported to be attenuated in intraperitoneally (i.p.) infected athymic nude mice (40) . Upon intranasal infection of C57BL/6 mice, the virus lacking the N1L gene induced less weight loss and morbidity, and lesion size and viral load were reduced following intradermal inoculation in the ear pinna model (3) . However, the mechanisms responsible for the attenuation of the VACV N1L deletion mutant virus are not known to date. The N1L open reading frame (ORF) encodes a protein of approximately 14 kDa, which is expressed early during infection (3, 40) . N1 is located predominantly within the cell (3) and shows structural similarity to members of the Bcl-2 family of pro-and antiapoptotic proteins (2, 14) . It was additionally reported to interfere with NF-B signaling at the IKK complex (18) and to inhibit staurosporineinduced apoptosis (14) .
So far, N1 has been reviewed only in the VACV background, for which the natural host organism is not yet known. Thus, in this study, we decided to analyze N1L function in ECTV, the causative agent of mousepox (20) , to make use of a natural virus-host system. We investigated the pathogenesis of the mutant virus ECTV⌬N1L and its interaction with the host immune response. The gene homologous to VACV N1L was deleted from the ECTV genome (ORF 020), and the resulting mutant virus was attenuated in vivo. Interestingly, it failed to spread to internal organs after respiratory infection of mice, although replication in tissue culture was unaffected. In a characterization of the ECTV⌬N1L infection in various mouse models with immune deficiencies, we revealed that the presence of either CD4 ϩ or CD8 ϩ T cells was essential to maintain attenuation and therefore to control ECTV⌬N1L infection.
MATERIALS AND METHODS

Cells and viruses.
Monolayers of BS-C-1 (ATCC CCL-26) and NIH 3T3 (ATCC CRL-1658) cells were cultivated in Dulbecco's modified Eagle's medium (DMEM; Biochrom AG, Berlin, Germany), supplemented with 10% heat-inactivated fetal calf serum (FCS; Biochrom AG, Berlin, Germany), 1% L-glutamine, and 1% penicillin/streptomycin (Biochrom AG, Berlin, Germany). All cells were maintained at 37°C, with 5% CO 2 , and at 90% relative humidity.
Ectromelia virus (ECTV) strain Moscow (EMBL-EBI accession number AF012825) was a kind gift from R. Mark L. Buller (St. Louis University School of Medicine, St. Louis, MO). All viruses were routinely propagated on BS-C-1 cells, and titers were determined by plaque assays on BS-C-1 cells (see the analysis of viral growth). Briefly, confluent BS-C-1 cells were infected, and after 3 days, cells and supernatants were harvested and subjected to three cycles of freezing and thawing. For in vivo stock viruses, the virus preparation was centrifuged at 1,000 ϫ g to remove large cell debris. High-titer virus stocks for in vitro infections were prepared by ultracentrifugation. In a first step, virus particles were pelleted, and the pellet was resuspended in 10 mM Tris-HCl (pH 8.0). Following another three cycles of freezing and thawing as well as sonication, the virus preparation was purified by ultracentrifugation through a sucrose cushion (36% [wt/vol] sucrose in 10 mM Tris-HCl [pH 8.0]). Finally, the pellet was resuspended in 10 mM Tris-HCl (pH 8.0). Prior to infection, all virus preparations were sonicated three times.
Construction of ECTV⌬N1L and ECTV-N1Lrev. For the construction of recombinant viruses, the plasmid pUC18*-gpt-lacZ served as a basis to generate other plasmids. Initially, most of the existing lacZ gene sequence in the plasmid pUC18 (Invitrogen, Darmstadt, Germany) was deleted by enzymatic restriction with NdeI and HindIII. The resulting pUC18* was then treated with Klenow fragment (New England BioLabs, Frankfurt am Main, Germany) to generate blunt ends. Subsequently, the gpt-lacZ cassette (65), excised from pcDNA3.1-gpt-lacZ using PstI, was inserted into PstI-restricted pUC18* to form the plasmid pUC18*-gpt-lacZ.
The plasmid p⌬N1L, used to create ECTV⌬N1L, was generated by splicing by overlap extension (SOE) PCR as described previously (32) . Sequences flanking the N1L ORF were amplified by PCR from genomic ECTV DNA using primer pair P1 (5Ј-AAAGTCGACGCTCTTATTCTGTACGAATC--3Ј) and P2 (5Ј-CT TATCAGTAGGATGATTGAAAAGTATTT-3Ј) and primer pair P3 (5Ј-TCATC CTACTGATAAGTAGAGTCCTC-3Ј) and P4 (5Ј-AAACCCGGGTGCCATAT TGGATAGATTCC-3Ј). Primers P1 and P4 contained restriction sites specific for SalI and XmaI, respectively (underlined). The amplified sequences were fused in a third PCR using primers P1 and P4, with nucleotides depicted in bold in P2 and P3 marking overlapping parts that facilitated the fusion. The resulting amplicon was treated with SalI and XmaI and cloned into pUC18*-gpt-lacZ.
Similarly, the sequence of the N1L gene with flanking sequences was amplified by PCR using primers P1 and P4. Again, the amplicon was treated with SalI and XmaI and cloned into pUC18*-gpt-lacZ to form the plasmid pN1Lrev.
All plasmids were sequenced following completion of the cloning procedure to confirm their sequence integrity.
The two recombinant viruses, ECTV⌬N1L and ECTV-N1Lrev, were generated by transient dominant selection (TDS) using the Escherichia coli gpt gene as a selection marker, as described previously (8, 21) . Briefly, confluent BS-C-1 monolayers seeded in six-well plates were infected with the ECTV wild type (wt) at a multiplicity of infection (MOI) of 0.5. After 1.5 h, cells were transfected with 4 g of p⌬N1L plasmid DNA using Lipofectamine 2000 (Invitrogen, Darmstadt, Germany) according to the manufacturer's instructions. Following incubation for 2 to 3 days, samples were harvested, and the recombinant virus was plaque purified as described previously (21, 45) . The revertant virus, ECTV-N1Lrev, was generated accordingly, using ECTV⌬N1L and the plasmid pN1L-rev for infection and transfection, respectively.
Analysis of viral growth. For one-step and multiple-step growth curves, approximately 80% confluent monolayers of BS-C-1 and NIH 3T3 cells were infected at an MOI of 10 and 0.01, respectively. After a 1-hour incubation step at 37°C, the cells were washed three times with phosphate-buffered saline (PBS) before fresh medium with 2% FCS was added. Cells and supernatants were harvested at 0, 4, 8, 12, 24 , and 48 h postinfection (p.i.) for the one-step analysis and at 0, 12, 24, 48, and 72 h p.i. for the multiple-step analysis. Samples were subjected to three cycles of freezing and thawing, and viral titers were determined by plaque assays on BS-C-1 cells as described previously (41) . Briefly, samples were sonicated three times, and serial dilutions were plated in duplicate onto confluent BS-C-1 cells in six-well plates. The medium was changed 2 h later. After 48 h, cells were fixed and stained with crystal violet solution (0.01% in 20% ethanol). Subsequently, the plaques were counted.
Analysis of N1L expression. To monitor expression of N1L, confluent BS-C-1 cells in six-well plates were infected at an MOI of 5. The virus was allowed to adsorb to cells for 30 min at 4°C before medium was replaced by fresh infection medium (2% FCS). At 24 h p.i., samples were prepared by lysing the cells with radioimmunoprecipitation assay (RIPA) lysing buffer (25 mM Tris-HCl [pH 8], 137 mM sodium chloride, 2 mM EDTA, 1% glycerol, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS]) supplemented with a protease inhibitor cocktail (Complete; Roche Diagnostics, Mannheim, Germany). Lysates were cleared using QIAshredder columns (Qiagen, Hilden, Germany), separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) with 12% polyacrylamide gels, and blotted onto nitrocellulose membranes (Bio-Rad, Munich, Germany). Following a blocking step, the N1 protein was detected using an N1-specific rabbit antiserum (see below) as the primary antibody, a secondary goat anti-rabbit peroxidase-coupled antibody (Dianova, Hamburg, Germany), and enhanced chemiluminescence (ECL) substrate (Amersham, Freiburg, Germany). The rabbit polyclonal antiserum specific for the N1 was used at a 1:200 dilution.
Generation of an N1-specific rabbit-antiserum. A polyclonal antibody directed against the N1 protein was raised by immunization of rabbits with two peptides (H2N-CMR MTL SDG PLL DRL-CONH2 and H2N-CKV ARD IGE RSE IR-CONH2), which were derived from the VACV N1 protein (Eurogentec, Seraing, Belgium) and which corresponded to peptide sequences in the ECTV N1 protein.
Mice. Female C57BL/6N mice (6 to 8 weeks old) were purchased from Charles River Laboratories (Sulzfeld, Germany). C57BL/6J-Rag1 tm1Mom (recombination-activating gene 1 deficient [RAG-1
(C57BL/6 background) (70, 73) , Cardif Ϫ/Ϫ (C57BL/6 background) (42) , and JHT (C57BL/6 background) (29) mice were bred under specific-pathogen-free conditions at the central animal facility of the Paul-Ehrlich-Institut. For experimental work, mice were housed in an ISOcage unit (Tecniplast, Hohenpeissenberg, Germany) and had free access to food and water. All animal experiments were approved by the Government of the State of Hesse (Germany), and animals were handled in compliance with German regulations for animal experimentation (Animal Welfare Act).
Intranasal infection of mice. Mice were anesthetized by i.p. injection of 10 mg/ml of ketamine and 0.4 mg/ml of xylazine applied at 0.1 ml per 10 g of body weight. The virus suspension in a total volume of 30 l or virus-free medium (control) was instilled equally into both nostrils. Changes in weight and signs of illness were monitored daily.
Depletion of specific cell populations in mice. Mice were depleted of specific immune cell populations by i.p. administration of mouse monoclonal antibodies. To deplete NK cells, mice were given 300 g of anti-NK1.1 antibody PK136 (Harlan Bioproducts, Indianapolis, IN) i.p. on days 2 and 1 prior to infection. Additionally, animals were given a boost on day 12 p.i. Single T cell subsets were depleted using the monoclonal antibodies anti-CD4 GK1.5 and anti-CD8 2.43 (both Harlan Bioproducts, Indianapolis, IN). Mice were given 500 g of anti-CD4 GK1.5 i.p. on days 8, 6, 3, 2, and 1 prior to infection, while 100 g of anti-CD8 2.43 was administered on days 2 and 1 prior to infection. For both antibodies, animals were given a boost on day 12 p.i. Depletion of both CD4 ϩ and CD8 ϩ T cell subsets was achieved by combining the two application schemes.
Determination of viral load in mouse organs and histopathology. Organs were removed either at the indicated time points (see Fig. 3 , 5, and 8) or when animals died due to infection or had to be sacrificed during or at the end of an experiment. Up to 0.2 g of organ in 1 ml PBS was homogenized in Lysing Matrix A tubes using FastPrep-24 (40 s, level 6.0) from MP Biomedicals (Illkirch, France). Tubes were chilled on ice for 5 min and then centrifuged for 5 min at 14,000 ϫ g and 4°C. Supernatants were stored at Ϫ80°C until titration (see analysis of viral growth).
For histopathologic examination of the lung and liver, C57BL/6 mice were infected intranasally with 200 PFU of the ECTV wt, ECTV⌬N1L, or ECTVN1Lrev. On day 6 p.i., mice were sacrificed. The lungs (inflated) and livers were removed, fixed in phosphate-buffered formalin, and embedded in paraffin. Sec-tions (4 m) were stained with hematoxylin and eosin before being examined by light microscopy.
Statistical analysis. Statistical comparison of in vitro growth curves in BS-C-1 and NIH 3T3 cells was performed by one-factorial analysis of variance (ANOVA) for the area under the log titer curves (AUC). The progression of disease following intranasal infection of C57BL/6 mice and different knockout mouse strains was analyzed by one-factorial ANOVA for the area under the percentage of initial weight curves. For survival data, Kaplan-Meyer curves were calculated and compared by means of a log-rank test. The viral loads in the lungs (see Fig. 5A ) were compared by one-factorial ANOVA for log titers (separately for each day). For multiple comparisons, P values and confidence intervals were adjusted according to the method of Bonferroni (see Fig. 1B and C, 2A, 6A to C, and 7A to C) or Dunnett-Hsu (see Fig. 2C , 5A, and 9A to D) in order to control for overall type I error. All statistical analyses were performed with SigmaPlot software (version 8; Systat) and SAS/STAT software (version 9.2; SAS system for Windows).
RESULTS
ECTV Moscow N1L homolog is dispensable for viral replication and cell-to-cell spread in vitro.
To study the function of N1L in ECTV, we deleted ORF 020, corresponding to the VACV N1L gene, from the ECTV genome to generate ECTV⌬N1L. The deletion mutant was constructed by removing approximately 80% of the ECTV 020 coding sequence, as described previously for N1L in VACV (3), using the method of transient dominant selection (21) . The corresponding revertant virus, ECTV-N1Lrev, was subsequently generated by reinserting the deleted ECTV 020 sequence into its original locus, resulting in N1L gene expression under transcriptional control of its authentic promoter.
To confirm the inactivation of N1L gene expression in ECTV⌬N1L, we monitored synthesis of the N1 protein in BS-C-1 cells infected with the ECTV wt, ECTV⌬N1L, or ECTV-N1Lrev for 24 h (Fig. 1A) . As expected, Western blot analysis revealed N1 proteins in lysates from cells infected with ECTV wt or either of three different clonal isolates of ECTVN1Lrev, whereas no N1 protein was detected upon ECTV⌬N1L infection (Fig. 1A, upper panel) . For all subsequent experiments, the clonal isolate ECTV⌬N1L1 and the revertant virus derived thereof, ECTV-N1Lrev1, were used.
Next, we analyzed the growth behavior of ECTV⌬N1L in vitro. Multiple-step growth analyses were performed with BS-C-1 cells, which are routinely used for propagating ECTV, and with NIH 3T3 cells to assess the replicative capacity of ECTV⌬N1L in cells of murine origin. In both cell lines, the growth of ECTV⌬N1L and ECTV-N1Lrev was comparable to that of the ECTV wt: the three viruses replicated to similar titers within 72 h, each covering a range of approximately three log steps in BS-C-1 cells (Fig. 1B ) (P value of 1.0 comparing the ECTV wt and ECTV⌬N1L, P value of 0.8902 comparing ECTV wt and ECTV-N1Lrev, P value of 0.9818 comparing ECTV⌬N1L and ECTV-N1Lrev) and four in NIH 3T3 cells ( Fig. 1C ) (P value of 1.0 for all comparisons). Similar results were obtained with one-step growth analyses (data not shown), indicating that N1L does not seem to influence ECTV replication.
ECTV⌬N1L is highly attenuated after respiratory infection of mice. To assess whether the N1 protein contributes to ECTV virulence, we tested ECTV⌬N1L in a mouse model of respiratory infection. C57BL/6 mice were infected intranasally with 200 PFU of the ECTV wt, ECTV⌬N1L, or ECTV-N1Lrev and then monitored daily for weight loss, signs of illness, and mortality. Mice infected with the ECTV wt showed morbidity and mortality profiles matching those previously described (54) ( Fig. 2A and B) , with a mean time to death (MTTD) of 10.5 days. Although three out of six animals survived the ECTVN1Lrev infection (Fig. 2B ), all mice in this group lost up to 25% of their initial body weight ( Fig. 2A) , indicating a disease progression very similar to that observed for ECTV wt-infected animals (MTTD of 11.3 days). In contrast, all mice infected with ECTV⌬N1L survived ( weight ( Fig. 2A ) (P value of Ͻ0.0001 compared to the ECTV wt) nor showed any signs of illness (data not shown) throughout the period of observation. These data confirm N1 as a virulence factor in ECTV.
To determine the degree of attenuation, we infected mice intranasally with increasing doses of ECTV⌬N1L. The 10-foldhigher dose of 2,000 PFU caused disease progression paralleling that of mice infected with the ECTV wt up to day 8 p.i., characterized by incipient weight loss, before all animals started to recover (Fig. 2C and D) . When a dose of 20,000 PFU was applied, ECTV⌬N1L elicited severe disease, and five out of six mice died, with an MTTD of 8.6 days (Fig. 2D) . Interestingly, animals started to lose weight 2 days earlier than ECTV wt-infected animals, i.e., at day 4 p.i. (Fig. 2C ). This effect was even more pronounced in mice infected with 200,000 PFU of ECTV⌬N1L, the highest dose tested. Animals started to lose weight yet another day earlier, i.e., at day 3 p.i. (Fig.  2C) , and all mice had already succumbed to the infection by day 9 p.i. (Fig. 2D) (MTTD of 8 days) . Thus, ECTV⌬N1L is highly attenuated, up to 100-fold, in this infection model. ECTV⌬N1L in vivo spreading is blocked in the lung early after infection. As described by Fenner (23) , following initial replication at the site of infection, ECTV is systemically distributed to internal organs such as the liver and spleen. Upon respiratory infection, ECTV is expected to be transmitted first from the lung to the draining lymph nodes (mediastinal lymph nodes) and from there via the bloodstream to the spleen and liver. Since a spreading deficiency due to deletion of single genes was previously shown to be associated with attenuation (15, 16, 43, 60), we investigated the ability of ECTV⌬N1L to spread to various target organs. We intranasally infected mice with 200 PFU of the ECTV wt, ECTV⌬N1L, or ECTV-N1Lrev and determined viral loads in the lung, mediastinal lymph nodes, spleen, and liver on day 6 p.i. (Fig. 3) . In the lungs of mice with all three viruses, we found high titers of infectivity (ranging from approximately 5 ϫ 10 5 to 6 ϫ 10 6 PFU/g of organ), with ECTV⌬N1L producing slightly reduced levels of virus in comparison to those made by ECTV wt or ECTVN1Lrev. Upon infection with the ECTV wt or ECTV-N1Lrev, which are fully virulent viruses, we also determined that there were substantial virus titers for lymph node, spleen, and liver tissues (ranging from 1 ϫ 10 4 to 8 ϫ 10 6 PFU/g of organ). Yet strikingly, we failed to detect ECTV⌬N1L in any tissue other than that of the lung, indicating that the in vivo spread of this mutant virus was readily blocked at the site of the primary infection.
Notably, histopathologic examination of tissue from the sacrificed mice confirmed the virus load data from organ samples (Fig. 4) . At day 6 p.i., necrotic lesions in the epithelia of lung bronchioles were visible upon infection with all viruses, including the mutant virus ECTV⌬N1L (Fig. 4B to D) . In contrast, hepatic lesions, consisting of focal necrosis, were detectable only for ECTV wt-or ECTV-N1Lrev-infected animals ( Fig. 4F  and H) and not in the livers of mice infected with ECTV⌬N1L (Fig. 4G) , further corroborating a spreading defect for ECTV⌬N1L.
To investigate the kinetics and extent of viral in vivo replication and spread in more detail, mice were again infected with 200 PFU of the ECTV wt or ECTV⌬N1L, and the viral load in the lung, liver, and spleen was analyzed on days 0, 3, 6, and 9 p.i. (Fig. 5) . In the lungs of mice infected with ECTV wt, infectivity was already detectable 3 days p.i., with titers steadily increasing to approximately 5 ϫ 10 6 PFU/g of organ on day 9 p.i. (Fig. 5A) , indicating massive replication of the virus in lung tissue. In the spleen of one animal, virus was detected as early as day 3 p.i. (Fig. 5C) , and all animals exhibited virus loads in both the liver and spleen 6 days p.i., with respective average titers of 2 ϫ 10 4 PFU/g of organ and 1 ϫ 10 5 PFU/g of organ ( Fig. 5B and C) . Later, at day 9 p.i., virus titers decreased minimally, by about half a log step, in the liver (Fig.  5B) and by approximately one log step in the spleen (Fig. 5C ). Similarly, virus replication was also detectable in the lungs of ECTV⌬N1L-infected mice, although titers again seemed in general slightly lower than those with the ECTV wt ( Fig. 3 and  5A ) at the same infectious dose. Following an initial titer of 1 ϫ 10 3 PFU/g of organ on day 3 p.i. (P value of 0.0049 compared to ECTV wt), the virus load peaked at day 6 p.i. (ϳ5 ϫ 10 4 PFU/g of organ, P value of 0.0011) and decreased again on day 9 p.i. (Fig. 5A ) (P value of Ͻ0.0001). Importantly, ECTV⌬N1L was not detected in either the liver or spleen at any time point analyzed (Fig. 5B and C) . Since increasing the infectious dose restored ECTV⌬N1L pathogenicity in mice ( Fig. 2C and D) , we next examined if such high doses would enable mutant virus spread. As expected, mice infected with 2,000 PFU or 20,000 PFU of ECTV⌬N1L showed an increased viral load in the lungs at day 3 p.i., comparable to that observed with the lungs of ECTV wt-infected mice (Fig. 5A ) (P values of 0.9871 and 0.2908 compared to the ECTV wt, respectively). At day 6 p.i., viral titers increased to approximately 3 ϫ 10 5 PFU/g of organ or 7 ϫ 10 6 PFU/g of organ, respectively, following inoculation with 2,000 PFU (P value of 0.1720) or 20,000 PFU (P value of 0.0139) of ECTV⌬N1L. However, viral titers of mice infected with 2,000 PFU declined again on day 9 p.i. (P value of 0.0065), as observed for mice infected with 200 PFU. Viral load was not determined on day 9 p.i. in animals infected with 20,000 PFU, since our previous experiment had shown that most mice die beforehand (MTTD of 8.6 days) (Fig. 2C) . Remarkably, for both doses, mutant virus infectivity was again not detected in the liver or in the spleen at any time point (Fig.  5B and C) . Apparently, ECTV⌬N1L was unable to spread from the lung, regardless of the infectious dose applied.
Control of ECTV⌬N1L infection is independent of TLR and RLH signaling. To elucidate if control of ECTV⌬N1L infection was mediated by early immune sensing and signaling, we investigated the impact of pattern recognition receptors (PRRs), such as Toll-like receptors (TLRs) and RIG-I-like RNA helicases (RLHs) (68), on ECTV⌬N1L pathogenicity. Within the cell, TLR signals are transmitted via the adaptor molecules myeloid differentiation primary response gene 88 (MyD88) and TIR-domain-containing molecule 1 (TRIF), either alone or in combination, whereas intracellular RLH signaling is mediated by Cardif (CARD adaptor inducing beta interferon [IFN-␤]; also known as IPS-1) (68).
Groups of MyD88 Ϫ/Ϫ TRIF Ϫ/Ϫ or Cardif Ϫ/Ϫ mice were infected intranasally according to our standard protocol. While ECTV wt infection induced weight loss and death in both knockout mouse strains (MTTD of 8 or 11.7 days), all mice infected with ECTV⌬N1L survived, showing neither weight loss nor signs of illness throughout the period of investigation ( Fig. 6A and B) (P values of Ͻ0.0001 and 0.0257, respectively, compared to the ECTV wt). These data suggest that TLR and RLH signaling pathways do not contribute to the control of ECTV⌬N1L infection.
Another important part of the early immune reaction to viral infections are type I IFNs, which are sensed via the common IFN-␣/␤ receptor (IFNAR). Since mice deficient in this receptor are unable to respond to type I IFNs (52), they were used to assess the contribution of type I IFNs. Infection of   FIG. 3 . Analysis of viral load in different organs after intranasal infection of C57BL/6 mice. C57BL/6 mice were infected with 200 PFU of the ECTV wt, ECTV⌬N1L, or ECTV-N1Lrev, respectively (three animals per group). At day 6 p.i., the lung, mediastinal lymph nodes (mLN), spleen, and liver were removed and homogenized, and the amount of virus was determined by plaque assay. Data are representative of results of two independent experiments. n.d., not detectable.
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IFNAR Ϫ/Ϫ mice with the ECTV wt induced rapid weight loss and mortality with an MTTD of 7.5 days (Fig. 6C ) (P value, Ͻ0.0001 compared to the control), comparable to results with MyD88 Ϫ/Ϫ TRIF Ϫ/Ϫ mice. However, in contrast to results with MyD88 Ϫ/Ϫ TRIF Ϫ/Ϫ and Cardif Ϫ/Ϫ mice, ECTV⌬N1L infection evoked a slight, but not significant increase in morbidity in IFNAR Ϫ/Ϫ mice ( Fig. 6C ) (P value, Ͻ0.0001 compared to ECTV wt, and 0.5302 compared to the control), suggesting that type I interferons marginally contribute to the control of ECTV⌬N1L infection during the early stage of disease.
Adaptive immunity is necessary to control late ECTV⌬N1L infection. Since the innate immune system did not seem to play a major role in controlling infection with ECTV lacking the N1L gene, we investigated the impact of the adaptive immune response. We therefore studied infection in RAG-1 Ϫ/Ϫ mice deficient in mature B and T cells due to an inability to perform V(D)J recombination (50) . Following infection with the wildtype virus, mice started to lose weight between day 5 and day 7 p.i., and all animals died by day 11 p.i. (Fig. 7A) (MTTD of  10.8 days) . Surprisingly, disease development was also observed for these mice following ECTV⌬N1L infection, resulting in the death of all animals. In contrast to ECTV wt infection in both C57BL/6 and RAG-1 Ϫ/Ϫ mice, ECTV⌬N1L infection did not take effect until day 16 p.i. in RAG-1 Ϫ/Ϫ mice, followed by gradual weight loss ( 
contribution of B and/or T cells in controlling ECTV⌬N1L
infection.
NK cells are important in controlling ECTV infection but do not significantly alter ECTV⌬N1L infection.
As shown before, adaptive immunity was essential to control ECTV⌬N1L but seemed to affect only the late phase of infection. In order to define cell populations that might control the early phase of infection, we investigated the role of NK cells. As important components of the innate immune system, these cells are involved in resistance to many viral infections and are therefore also the target of numerous viral immune evasion strategies (36) . To assess the role of NK cells, C57BL/6 mice were depleted of NK cells prior to infection. NK cell-depleted mice infected with the ECTV wt started to lose weight approximately 1 day earlier than their wild-type counterparts (MTTD of 8.8 days), which was not significant (P value, 1.0). However, NK cell depletion had no effect on ECTV⌬N1L-infected animals, since they showed no weight loss (Fig. 7B ) (P value of 0.0052 comparing NK cell-depleted ECTV wt and NK celldepleted ECTV⌬N1L).
However, due to the strong attenuation of ECTV⌬N1L, any putative contribution of NK cells to controlling infection might not become apparent in wild-type C57BL/6 mice. Therefore, the impact of NK cells in RAG-1 Ϫ/Ϫ mice analogously depleted of NK cells was investigated. Upon ECTV⌬N1L infection, the overall delay in the onset of disease, as observed for nondepleted RAG-1 Ϫ/Ϫ mice, was barely changed; only the disease progression in the absence of NK cells was altered, being slightly more pronounced. Weight loss in this group started approximately 1 to 2 days earlier, between day 12 and day 17 p.i. (Fig. 7C ) (P value, 0.0030), and all animals had succumbed to infection by day 25 p.i., with an MTTD of 23.8 days. Since this shift toward an earlier onset of disease resembled results for ECTV wt-infected NK cell-depleted C57BL/6 mice (Fig. 7B) , the contribution of NK cells seemed to be restricted to controlling ECTV infection in general, thus indicating that the attenuation of ECTV lacking the N1 protein is not due to NK cell function.
Lack of adaptive immunity allows spreading of ECTV⌬N1L from the lung to the liver and spleen. The lethal course of ECTV⌬N1L infection in RAG-1 Ϫ/Ϫ mice posed the question of whether ECTV⌬N1L was able to systemically spread in these mice lacking mature B and T cells. We analyzed the viral load in the lungs, livers, and spleens of RAG-1 Ϫ/Ϫ and C57BL/6 mice, collecting organs when individual animals died due to infection or at the end of the experiment at day 32 p.i. (Fig. 8) . The ECTV wt was readily detectable in organs of C57BL/6 mice that had succumbed to the infection, with titers in lung, liver, and spleen samples ranging from 7 to 16 ϫ 10 5 PFU/g of tissue. In contrast, at day 32 following ECTV⌬N1L infection, the virus was not detected in lung, liver, or spleen tissues of C57BL/6 mice, likely due to full virus clearance. Strikingly, however, with RAG-1 Ϫ/Ϫ mice, we found high titers (2 ϫ 10 6 PFU/g of tissue for the lung and spleen, up to about 1 ϫ 10 8 PFU/g tissue in the liver) for ECTV⌬N1L in all organs at the time of death (Fig. 8) . These data suggested B and/or T cells as important effectors in controlling ECTV⌬N1L spread. Furthermore, the ability of the ECTV wt to spread in the presence of these two cell populations (C57BL/6 mice) implied that N1 might interfere with B and/or T cell immune function.
Both CD4 ؉ and CD8 ؉ T cells are crucial components that contain ECTV⌬N1L infection. In order to further elucidate whether B or T cells alone would be sufficient to control ECTV⌬N1L infection, we investigated putative effects in JHT mice that are completely B cell deficient (29) and in mice with specific depletions of CD4 ϩ and CD8 ϩ T cell subsets. Interestingly, no weight loss or signs of illness were observed for JHT mice following ECTV⌬N1L infection (Fig. 9A ) (P value of Ͻ0.0001 compared to the ECTV wt; data not shown) throughout a 32-day period, indicating that B cells were not involved in the control of ECTV⌬N1L infection. In sharp contrast, animals depleted of CD4 ϩ and CD8 ϩ T cells showed dramatic disease progression (Fig. 9D ) (P value of Ͻ0.0001 compared to the ECTV wt) similar to that seen for RAG-1 Ϫ/Ϫ mice (Fig. 6A) . While after ECTV wt infection, mice started to lose weight from day 6 p.i. onward (MTTD of 9.7 days), mice infected with ECTV⌬N1L did so starting around day 16 p.i., all succumbing to infection by day 29 p.i., with an MTTD of 26.2 days (P value of Ͻ0.0001 compared to the ECTV wt, P value of 0.0001 compared to the control). In animals with depletions of either CD4 ϩ or CD8 ϩ T cells, however, ECTV⌬N1L infection did not elicit overt signs of morbidity, such as weight loss or signs of illness ( Fig. 9B and C) (P value of Ͻ0.0001 compared to the ECTV wt). Thus, only removal of both T cell subsets allowed the N1L-deleted virus to regain virulence (Fig.  9B, C, and D) . This emphasizes the sufficiency of either T cell population to maintain control of attenuated ECTV⌬N1L infection in the respiratory mouse model.
DISCUSSION
As a natural mouse pathogen, ECTV offers the unique opportunity to study virus-host interactions within an evolutionarily adapted system. While orthopoxvirus gene functions have mostly been investigated using VACV, in particular the study of immunomodulatory genes and virulence factors could benefit tremendously from the native ECTV virus-host system. It is more likely to reveal new insights into gene functions that work primarily in vivo. In comparison to VACV, ECTV is genetically more closely related to VARV (30) . Indeed, the similarity of ECTV and VARV extends beyond genetics, since both viruses are highly pathogenic, cause systemic infections in their respective hosts, and are characterized by a narrow host range (49) . The mouse model of ECTV infection therefore provides an excellent in vivo model to understand VARV infection of humans, smallpox pathogenesis, and the pathogen's interaction with the host immune response.
Although the poxvirus regulatory protein N1 has been described as a strong virulence factor in VACV (3, 40) , the underlying mechanisms are still unknown. We analyzed N1 function in the ECTV model system using a deletion mutant of the VACV N1L gene homolog (ECTV⌬N1L, ORF 020). Attenuation of VACV mutants lacking N1L gene functions was shown for several mouse strains by different application routes (3, 33, 40, 48) .
As early as 1949, Fenner suggested that the pathogenesis of mousepox after intranasal inoculation of small doses of virus resembles that of smallpox caused by VARV (25) . Hence, we chose to investigate ECTV infection via the intranasal route in C57BL/6 mice, a system already known to induce severe dis- ease with death at low virus doses (54) . Our ECTV⌬N1L derivative confirmed the previously described attenuation of N1L-deficient VACV mutants (3, 33, 40, 48) . Whereas low doses of the ECTV wt were lethal, ECTV⌬N1L did not induce any disease symptoms or even death until challenge doses were increased 10-or even 100-fold. Interestingly, the degree of ECTV⌬N1L attenuation was similar to that described for VACV WR lacking N1L (48) . Additionally, the high conservation of N1L among orthopoxviruses (3), with an amino acid identity ranging from approximately 89% (VACV Cop, ORF 032) to 92% (VARV BGD75maj, ORF 019), further highlights the importance of this virulence factor.
The most intriguing result of using the natural mouse model of ECTV infection to unravel the mechanisms of N1-mediated virulence was the inability of ECTV⌬N1L to spread from the lung to the draining lymph node and to internal organs, such as the liver and spleen. Such a phenotype has not been observed before, highlighting it as a specific feature of ECTV⌬N1L infection. Moreover, the spreading deficiency was not due to the low infectious dose, since increasing this 100-fold, which resulted in lethal respiratory infection, still did not enable virus dissemination from lung tissue. Mice infected with ECTV⌬N1L at high doses apparently died from severe pneumonia, which also seems to be the cause of death in other orthopoxvirus infection models using harsh respiratory challenges (9, 25, 46, 48, 51, 61, 69) .
Furthermore, the lack of ECTV⌬N1L in the secondary target organs, the liver and spleen, was obviously not due to impaired virus replication. ECTV⌬N1L multiplied in the mouse lung to levels equal to that for the ECTV wt, as was shown previously for VACV⌬N1L (33, 48) . Although ECTV⌬N1L lung virus titers were lower than those of the ECTV wt 3 days p.i., they increased with the same magnitude over the next 3 days. Moreover, ECTV⌬N1L was also able to replicate in vitro in murine NIH 3T3 cells (Fig. 1C) , murine macrophages, lung alveolar epithelial cells, and even primary splenocytes to levels comparable to those of the ECTV wt (data not shown). Therefore, deletion of the N1L ORF had not affected the ability of ECTV to replicate in vitro and in vivo. These findings strongly suggest that other mechanisms are responsible for the absence of virus in spleen and liver. Following the initial increase in viral titers in the lung, the virus load of ECTV⌬N1L decreased again between day 6 and day 9 p.i., in direct contrast to results for the ECTV wt. This suggests that the virus was cleared more rapidly and/or more efficiently from lung tissue by the immune system and that specific activation of the immune system permitted by the N1L deletion might play a role in the ECTV⌬N1L virus's attenuation. In line with this, the histopathologic examination has provided the first indications of a more pronounced infiltration of immune cells into the lung following ECTV⌬N1L infection (Fig. 4C) . However, further studies are needed to address these initial observations in greater detail.
One of the important key molecules in immune activation is NF-B, and N1L was implicated in inhibiting NF-B function by interfering at the level of the IKK complex (18) . Moreover, one NF-B-activating stimulus, TLR9, was reported to be essential for survival of a lethal poxvirus infection in mice (58) . However, ECTV⌬N1L did not induce any disease symptoms in mice deficient in TLR signaling pathways (MyD88 Ϫ/Ϫ TRIF Ϫ/Ϫ mice lacking both adaptor molecules), indicating that sensing by these pattern recognition receptors was not involved in the control of ECTV⌬N1L infection. Likewise, RLH signaling by the intracellular double-stranded RNA (dsRNA) sensors MDA-5 and RIG-I (68) did not contribute to controlling ECTV⌬N1L infection, given that respiratory infection of Cardif Ϫ/Ϫ mice remained asymptomatic. In terms of selected innate immune defenses, only type I interferons were apparently able to influence the outcome of infection, since ECTV⌬N1L elicited some degree of morbidity in IFNAR Ϫ/Ϫ mice. Numerous reports highlight the importance of single components of the innate immune system, especially Toll-like receptors and type I interferons, in surviving or recovering from an ECTV infection (38, 58) . Indeed, the more rapid morbidity and mortality observed upon ECTV wt infection of the knockout mice (MyD88 Ϫ/Ϫ TRIF Ϫ/Ϫ , Cardif Ϫ/Ϫ , and IFNAR Ϫ/Ϫ ) emphasized the overall importance of these components in the host's immune response to ECTV infection. However, the essential requirement for TLR or RLH signaling ceased in the absence of the N1 protein. This phenotype requires closer investigation, perhaps by increasing infectious doses in IFNAR Ϫ/Ϫ mice or analyzing the possible need for other newly identified immune sensors.
In this regard, the cytosolic DNA sensor DNA-dependent activator of IFN regulatory factor (DAI) plays an important role in the DNA-mediated activation of the innate immune system (67) . Upon DNA binding, DAI oligomers or multimers form and subsequently recruit the serine/threonine kinase TBK1 (TANK-binding kinase 1) and the transcription factor interferon regulatory factor 3 (IRF3) into a complex (67, 71) . When the activated IRF3 then translocates into the nucleus, the transcription of the type I interferons IFN-␣ and -␤, among other responsive genes, is induced (71) . Since a putative interaction of the VACV N1 protein with TBK1 has already been described (18) , DAI might be a good candidate for further investigation.
In addition, the absent in melanoma 2-apoptosis-associated speck-like protein containing CARD-1 (AIM2-ASC) pathway has been reported to play a critical role in innate immune responses to DNA viruses (31, 56) . It was shown that infection of bone marrow-derived macrophages (BMDMs) or bone marrow-derived dendritic cells (BMDCs) of Aim2 ϩ/ϩ mice with VACV stimulated the release of mature IL-1␤ into the supernatant and the cleavage of caspase-1. However, this response was attenuated in BMDMs and BMDCs of Aim2 Ϫ/Ϫ mice (56). Recently, CD103
ϩ DCs were shown to be highly effective antigen-presenting cells for the activation of naïve CD8 ϩ T cells following a respiratory VACV infection. Upon infection or acquisition of viral antigen, these cells traffic to the draining lymph node, where they potentially serve as activators of naïve T cells, inducing proliferation and acquisition of effector functions (4). As these processes would critically affect any intranasal infection, the involvement of CD103 ϩ DCs in the control of ECTV⌬N1L infection should be addressed in future studies.
Significantly, restoration of the spreading capacity of ECTV⌬N1L in RAG-1 Ϫ/Ϫ mice strongly implied that adaptive immunity contributes to the control of virus infection. In line with this, a previous study described the induction of a robust T cell immune response after intranasal infection with VACV⌬N1L (48). However, Jacobs and colleagues attributed the attenuated phenotype of the VACV N1L deletion mutant virus to increased transient NK cell influx into the infected tissue and enhanced NK cell activity after intradermal application (33) . Since several studies have already stressed the importance of the NK cell population in ECTV infection (22, 34, 55) , we analyzed their involvement in controlling ECTV⌬N1L infection in NK cell-depleted mice. In our respi- Ϫ/Ϫ and C57BL/6 mice. Organs of RAG-1 Ϫ/Ϫ mice were collected when individual animals died due to infection, ranging from day 26 to day 32 p.i. for the group infected with ECTV⌬N1L. The organs of control animals were removed at the end of the experiment (day 32 p.i.). C57BL/6 mice infected with the ECTV wt that succumbed to infection died between day 10 and day 14 p.i. All other C57BL/6 mice infected with the ECTV wt or ECTV⌬N1L that did not die during the period of observation were sacrificed at the end of the experiment (day 32 p.i.), and organs were removed and homogenized. Viral titers were determined by plaque assays. c, control; ⌬N1L, ECTV⌬N1L; wt, ECTV wt.
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ratory mousepox model, we could not confirm a contribution of NK cells to ECTV⌬N1L clearance. Furthermore, depletion of NK cells induced the same disease-onset shift in ECTV⌬N1L-infected B and T cell-deficient RAG-1 Ϫ/Ϫ mice as in ECTV wt-infected C57BL/6 mice. This finding suggests that NK cells facilitate control of ECTV infection in general, but irrespectively of N1 function.
Previous studies have accentuated the importance of B and T cells in surviving and recovering from an ECTV infection (12, 37, 53) . In agreement, our analysis of ECTV⌬N1L infection in RAG-1 Ϫ/Ϫ mice demonstrated a clear dependency on adaptive immunity to control infection. Also in line with these observations was the high mortality rate of ECTV wt-infected JHT mice, which are deficient in functional B cells (29) , as well as the recurrence of typical pock lesions in surviving mice (data not shown).
In clear contrast, infection of these mice with ECTV lacking the VACV N1L homolog did not elicit any morbidity, indicating that neither B cells nor antibodies were important for clearance of this mutant virus. Instead, we found that T cells are the key players controlling ECTV⌬N1L infection. Depletion of only one subset, either CD4 ϩ or CD8 ϩ T cells, did not elicit morbidity or mortality upon ECTV⌬N1L infection, but depletion of both T cell populations did, revealing that either the CD4 ϩ or the CD8 ϩ T cell subset was already sufficient for virus control.
A previous study attributed distinct roles to CD4 ϩ and CD8 ϩ T cells in control of an ECTV infection (37) . Thymectomized C57BL/6 mice specifically depleted of either CD8 ϩ or CD4 ϩ plus CD8 ϩ T lymphocytes and inoculated with ECTV wt by the footpad route showed 100% mortality. On the other hand, all animals depleted of CD4 ϩ T lymphocytes survived infection, although they developed pock lesions later on. Furthermore, ␤2-m Ϫ/Ϫ mice, which lack mature CD8 ϩ T cells (39, 74) , also succumbed to infection. Thus, the control of an ECTV wt infection relied on CD8 ϩ T cells (37) . In our studies, ECTV⌬N1L infection control was maintained in the presence of either the CD4 ϩ or the CD8 ϩ cell population, a finding in clear contrast to the ECTV wt infection that neither the CD4 ϩ nor CD8
ϩ T cell population alone could control. This discrepancy might be due to the different routes of application, and therefore different tissues infected, as route-dependent effects have been observed before (5) .
ECTV⌬N1L was clearly blocked in the lung at the site of primary infection, since we failed to detect infectious virus in the draining lymph nodes (Fig. 3) . Thus, we hypothesize that an efficient immune response in the lung can control the replication and prevent the spread of the mutant virus. Interestingly, in comparison to ECTV wt or ECTV-N1Lrev, the intranasal infection with ECTV⌬N1L appeared to elicit a more pronounced peribronchiolar infiltrate of macrophages, neutrophils, and lymphocytes (Fig. 4C) , supporting a putatively more efficient immune response in the absence of N1. However, a more detailed analysis will be needed for a thorough comparative characterization of lung-associated immune reactions in response to ECTV⌬N1L infection. In the context of respiratory infections of mice with vesicular stomatitis virus or Listeria monocytogenes, the lung has been shown to serve as a key nonlymphoid organ for homing and differentiation of effector T cells, enabling rapid containment of the pathogen (47) . However, in the case of ECTV⌬N1L infection, it remains to be determined if short-lived, virusspecific CD8 ϩ T cells also efficiently migrate to the lung and display immediate effector function. Interestingly, half of the ECTV⌬N1L-infected C57BL/6 mice in our experiments depleted solely of CD4 ϩ T cells eventually developed pock lesions on their tails and feet (data not shown). This underscored the requirement for CD4
ϩ T helper cells, and thus B cells and antibodies, for complete virus clearance, as reported previously (37) , although the presence of CD4 ϩ T helper cells might not be a prerequisite for the initial control of infection.
Whereas control of ECTV⌬N1L at later time points of infection was attributed to T cells, the key players in immediate surveillance, i.e., those which control ECTV⌬N1L infection and spreading during the first hours and days after infection, remain elusive. Nevertheless, our findings suggest that one role of the N1 protein is to impair T cell function. Taking into account that the N1 protein has been reported to inhibit the induction of apoptosis as well as NF-B signaling (14, 18) , it is possible that ECTV⌬N1L-related pathogen-associated molecular patterns (PAMPs) and antigens are more efficiently recognized and processed by antigen-presenting cells. Likewise, in the absence of the N1 protein, unimpaired NF-B signaling could lead to a more robust cytokine and chemokine expression, which may be important in shaping the adaptive immune response (e.g., in driving CD4 ϩ T cells toward a Th1 or Th2 fate). In consequence, these processes might together enhance, support, and/or aid T cell function and, ultimately, enable control of ECTV⌬N1L infection.
In summary, we confirmed that the poxvirus regulatory protein N1 is a strong virulence factor by analyzing its function in ECTV, a natural mouse pathogen. The protein clearly contributed to virus spreading from the lung to further target organs after intranasal infection, obviously by interfering with functions of the adaptive immune system. However, the means by which it exerts this function remain to be determined in future studies. Furthermore, depletion of neither CD4 ϩ nor CD8 ϩ T cells alone could restore ECTV⌬N1L virulence; thus, either T cell subset is essential and sufficient to control ECTV⌬N1L infection. Possibly, these cells are also the key players controlling virus spread. Therefore, these data suggest that the N1 protein might, either directly or indirectly, interfere with T cell function to enable virus spreading.
